The base composition of purified DNA from 28 strains of acetic acid bacteria was determined. Most strains of the genus Gluconobacter clustered closely together a t 60.6-63.4 yo (guanine + cytosine) of total base. All strains of the Acetobacter aceti biotype lay within the range 55.4-64-0y0 (guanine + cytosine). The close relationship and possible common phylogenetic origin of the genera Gluconobacter and Acetobacter is again stressed by these results. The base composition of DNA from acetic acid bacteria and from species of Pseudomonas was very similar, confirming the suspected close relationship between these groups. There is a noticeable agreement between the sequences of Acetobacter strains, arranged according to increasing yo (guanine + cytosine) and arranged according to increasing enzymic equipment: strains with greater biochemical activity have on the whole also a higher yo (guanine + cytosine) in DNA. The range of the compositional distribution of DNA molecules is on the whole broader in Acetobacter than in Gluconobacter. The results corroborate previous conclusions that both biotypes contain clusters of strains without species differentiation. A comparison of the paper chromatographic analysis with the method of thermal denaturation (' melting point ') for estimating base composition of DNA showed that the latter method was to be preferred in routine analysis because of its ease, rapidity and reproducibility.
INTRODUCTION
DNA base composition appears to be a promising new tool in bacterial taxonomy (Lee, Wahl & Barbu, 1956; Belozersky & Spirin, 1958; Lanni, 1960; Sueoka, 1961 ; Schildkraut, Marmur & Doty, 1962; Marmur, Seaman & Levine, 1963) . The present knowledge in this field can be summarized as follows.
(1) Different ' stra.ins ' of the same well-established species have almost identical DNA base compositions. Thus, for seven strains of Escherichia coli, the molar content of guanine + cytosine (G + C ) expressed as a percentage of the total base in the DNA was 50 yo & 0-4 . Different strains of E . coli had 50 yo (G + C ) , even when determined by different authors.
(2) Different ' species ' which are known for morphological, physiological and other reasons to belong to the same genus, have identical or closely related yo (G+C) values. This is well illustrated, for example, in the genera Escherichia, Salmonella, Clostridium and Hemophilus (Lee et al. 1956 ; . Exceptions are believed to be indicative of wrong classification. For example,
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J. DE LEY AND J. SCHELL Catlin & Cunningham (1961) found all the strains of Neisseria they examined to have 49.5-51.5 yo (G + C), except for N . catarrhalis, which had 40.0-41.3 yo. They conclude that ' the inclusion of " catarrhalis " strains in the genus Neisseria appears illogical from the evolutionary point of view.' The suspected divergency within Proteus was confirmed by the results of Falkow, Ryman & Washington (1962) ' who found that P. morganii had a 50 yo (G + C), whereas the other species had 39 yo.
On physiological and biochemical grounds P. morganii had previously been thought to be only remotely related to the other species ' vulgaris ' and ' mirabilis ' and a new genus Morganella had even been proposed for it (Fulton, 1943) . The genus Bacillus offers another example where base composition tends to confirm the interpretation which was reached by quite different arguments. Base composition in Bacillus varies between 33 and 50 yo (G + C) ; this is an unusually wide range for one genus.
The explanation might be (De Ley, 1962) that Bacillus should not be considered a single genus, but a collection of genera or biotypes, which would form the bridge between the Enterobacteriaceae (about 50 yo G + C) and the saccharolytic clostridia (about 27 yo G + C). Bisset (1962) suggested that 'there is room for several genera in the family Bacillaceae '.
(3) Different genera, which are known or suspected for morphological, physiological, biochemical and other reasons to be closely related, also have base compositions which are very similar such as Escherichia, Salmonella and Shigella (Lee et al. 1956 ; , Proteus and Providence (Falkow et al. 1962 ).
Unrelated genera have widely different yo (G+C) values, the range being from 25 to 75 yo (G+ C).
(4) If the mean yo (G + C) of the DNA of two strains is different by 10 yo, there are few DNA molecules of the same (G+C) content common to both of them (Sueoka, 1961) .
(5) Organisms with a closely related base composition are believed to be phylogenetically related (Sueoka, 1961) when they also display related morphological, physiological, biochemical and other characteristics.
However, up to now, the DNA base composition method has not been applied systematically to a wide set of strains of a group of bacteria other properties of which have been thoroughly investigated. The acetic acid bacteria seemed to be suitable objects for an application and test of the above conclusions. I n view of the finding that Gluconobacter and Acetobacter each consist of a series of strains with a gradation of properties, it was proposed to regard all previous ' species ' as variants within the biotypes Gluconobacter oxydans and Acetobacter aceti, which might phylogenetically be derived from the same common pool of ancestors (De Ley, 1961a) . It was thus expected that the DNA base composition of Gluconobacter would be similar to that of Acetobacter, that the DNA base composition of all strains within each biotype would cluster in the same region, and that the base composition of acetic acid bacteria would be in the neighbourhood of that of Pseudomonas, namely 60-67 y', (G + C), in view of their suspected close taxonomic relationship.
Two methods were used: (1) direct estimation of purine and pyrimidine bases after hydrolysis and paper chromatographic separation; (2) thermal denaturation (' melting point '). It was also the aim of the present work to compare the practicability of both methods for routine analysis, DNA compositions of acetic acid bacteria 245
METHODS
Organisms. We used the same strains as described previously (De Ley, 1961a ) and will adhere to the nomenclature proposed in that paper. In addition, we also used Acetobacter aceti (strains paradoxus P 1 and P 2) and A. aceti ( Estimation of D N A base composition by paper chromatography. Organisms were harvested and washed as previously described (De Ley, 1961a) . The pellet was extracted according to the method of Smith & Wyatt (1951) . Two to three g. wet wt. living bacteria were suspended in lOml. N-NaOH and incubated a t 37" for 20 hr. In some experiments the organisms were treated with 1 yo Na lauryl sulphate before NaOH extraction. No significant difference in the final yield was observed. After the extraction the residue was centrifuged down in a Servall SS-1 a t 13,OOOg for 15 min. The DNA was precipitated by adjusting to pH 4 with acetic acid and adding one vol. of 95% (v/v) ethanol in water. The precipitate was centrifuged down and dissolved in 10 ml. dilute NaOH. Protein was removed by gel-formation with chloroform according to the method of Sevag, Lackman & Smolens (1938 (Wyatt, 1951) . After separation the bases were detected on the chromatograms by the photographic method of Markham & Smith (1949) . The chromatograms were first dried overnight at room temperature. The source of ultraviolet radiation was a germicidal G.E. lamp; Gevaert Reflex Document paper was used for contact prints. The spots on the chromatograms were copied from the prints, cut out, eluted with 4 ml. 0.1 N-HC~ (Wyatt, 1951) by standing for 15-20 hr. at 37". Blanks of equal size were cut out a t distances corresponding to the RE' value of the bases, from a strip of the same chromatogram, on which 10 pl. ~N-HC~O, had been spotted between triplicate sample spots. . To protect the photocell and the slit of the monochromator against excessive heating, which would result in inaccurate readings, it was found advantageous to use the following arrangement. The cell holder compartment was flanked a t each side by the following set up : first two thermospacers for the circulating hot water from a Haake Ultra-Thermostat NB, followed by a 5 mm layer of cork and finally another thermospacer through which passed dropwise a current of tap water a t 12". To prevent traces of water vapour reaching the photocell (which would again result in erratic readings) a suitable well was machined into the side of the cell-holder compartment, which faced the photocell, and a circular quartz window was glued into the opening. The cell-holder compartment itself was insulated on all sides at the outside by cork. Tubing between the circulating water bath and the thermospacers has to be as short as possible and insulated by either plastic or asbestos. In this way the difference in temperature between the liquid in the cuvettes and the bath did not exceed 1.2". The circulating water contained either 25 yo ethyleneglycol or 30 yo glycerol. The temperature in the cell-holder compartment was measured in a cuvette, containing water, tightly covered with a plastic cover, through which passed a calibrated thermometer. A suitable hole was drilled through the compartment cover. The thermostated cell holder compartment is schematically represented in Fig. 1 Estimation of the range of base composition distribution of DNA. Assuming that the distribution of the compositional distribution of DNA molecules around T, was Gaussian, the standard deviation G-of the distribution, expressed as yo (G+C) and corrected for the natural transition width of adenine-thymine DNA, was determined for each strain from the absorbance-temperature curves according to Doty, Marmur & Sueoka (1959) 
RESULTS
The results are summarized in Table 1 . The T, value is an average of a t least two determinations; T, values were in most cases reproducible to within O -l " , exceptionally to 0.15'. cr was usually reproducible to about 0.25 yo (G +C). The values given for the paper chromatographic method represent the average values of at least six estimations from two different extractions. The reproducibility of this method can be seen in Table 2 , which illustrates the actual results obtained with three strains. The mean deviation on the ratio ( A + T ) / ( G + C ) was 2.8, 2-9 and 248 J. DE LEY AND J. SCHELL 3.7 yo for these three examples, which is the common range of deviation in quantitative paper chromatographic extractions. When the base composition, expressed as yo (G+C), as determined by the paper chromatographic method, was plotted against the T , values of the same strains (see Fig. 2 Three other bacteria were included as controls of the methods. Pseudomonas
Jluorescens 488 had a DNA base composition of 59-5 yo (G + C), determined by paper chromatography, which is in good agreement with reported values for Pseudomonas in the literature (Lee et al. 1956; . Agrobacterium tumefaciens DNA had 58.8 yo (G+C), also determined by paper chromatography. For other strains 58.2 and 58.Sy0 have been reported (Lee et al. 1956 ). For Escherichia coli a (G+C) % value of 50.0 was calculated from the T, value. 
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% (G + C) Fig. 2 . Relationship between the 'melting point' T,, determined by thermal denaturation, and the base composition yo (G+C) determined by paper chromatography, of purified DNA from several acetic acid bacteria. The numbers are taken from Table 1 ).
The position of the arrows indicates the mean yo (G + C). The curves were calculated as described in the text. Table 1 ).
The position of the arrows indicates the mean % (G + C). The curves were calculated as described in the text.
DISCUSSION
All Acetobacter strains have base compositions of (G + C) between 55.4 yo (strain ' paradoxus ' P2, ' rancens ' 23 kl + ) and 64.0 yo (strain ' liquefaciens ' 20). Nearly all Gluconobacter strains lay in a narrow cluster from 60-6 yo (strain ' melanogenus ' 116) to 63.4% (strain 'viscosus' 8131). Strain 'suboxydans' SU with 57-2y0 was the only one to be somewhat removed from the central cluster of Gluconobacter (Table 1 ; Fig. 5 ) . These data are in agreement with the conclusion of De Ley (1961a) that each biotype Acetobacter aceti and Gluconobacter oxydanns can be regarded as a cluster of strains, without inner sharp breaks, thus making species differentiation unnecessary. This is also clearly illustrated in Figs. 4 and 5 by the continuously overlapping curves of the compositional distribution. Incidentally, the range of the distribution of DNA molecules of each strain is broader in Acetobacter (average cr 1-5) than in Gluconobacter (average c for the melanogenus strains: 1.06; for the other strains : 0.5).
On the basis of physiological, biochemical and enzymic data De Ley (1961a) noted that the strains of the Acetobacter aceti biotype could be arranged in a smooth gradation from the most complex one to the one with the poorest enzymic equipment. A comparison of the sequence of Acetobacter strains of Table 1 from Gluconobacter and belongs in the biotype Acetobacter, where it is the most complex representative.) In Gluconobacter the base compositions are so close together that they cannot be arranged in a sequence of statistical significance. In Table 1 and Figs. 4 and 5 , some strains are not where they would be expected according to their position in the biochemical sequence. This holds for ' estunensis ', 'pasteurianus' 11, 'suboxydans' su and 'peroxydans' 3, 4 and 8618. However, it ought not to be expected that both sequences would agree completely. Indeed, the yo (G + C) range encompasses the complete genotype and includes all properties, whereas the biochemical sequence was based mainly on carbohydrate metabolism. It might be that the strains ' estunensis ', ' pasteurianus ' 11 and ' suboxydans ' su possess or lack some properties which have so far escaped examination. The peroxydans strains were expected to have very low base compositions in the vicinity of ' paradoxus '
and 'rancens' in view of their biochemical similarities with these strains. The base composition of the 'peroxydans' strains is unexpectedly high. Fig. 4 shows that the ' peroxydans ' strains have in fact only very few DNA molecules in common with the ' paradoxus ' and ' rancens ' strains. A similar situation holds for strain ' suboxydans ' su, which is morphologically, physiologically and biochemically nearly indistinguishable from strain suboxydans 26, but nevertheless appears to have very few DNA molecules in common with it. Further work on the finer details of the DNA molecules in relation to the taxonomic position of these strains will be required.
As expected, Gluconobacter and Acetobacter strains have DNA with base compositions in the same range. These results support the hypothesis (De Ley, 1961a) which proposes that Gluconobacter and Acetobacter may have originated from a common pool of ancestors.
The DNA base compositions of the acetic acid bacteria are in the same range as those for Pseudomonas, which extend from 60 to 67 yo (G + C) (Lee et al. 1956 ; . This stresses once more the suspected close relationship between the pseudomonads and the acetic acid bacteria. Phenotypically they have several features in common (Stanier, 1947 ; for a review see De Ley, 1961 b). The similarity in the base compositions of the DNA molecules of both groups of bacteria also points to a possible genotypic relationship. It seems not unlikely that these bacteria derive from a common phylogenetic origin. The comparison between the methods of paper chromatography and thermal denaturation for the estimation of DNA base compositions for routine analysis showed that the latter procedure was to be preferred; it is easier, faster, less elaborate and yields more reproducible results.
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